In this work, Lennard-Jones liquid and water droplets are simulated adjacent to a solid surface using molecular dynamics. The contact angle is obtained by using direct simulation. The particle-particle particle-mesh method ͓B. Shi, S. Sinha, and V. K. Dhir, J. Phys. Chem. 124, 204715 ͑2006͔͒ for long range force correction is used in the simulation. The contact angle is studied as a function of system temperature and the solid/fluid interaction potential. It is shown that the contact angle decreases with increasing system temperature and increases when the potential decreases. At high system temperature ͑pressure͒, the contact angle drops to zero. The predictions are compared with data from experiments and a reasonable agreement is found.
I. INTRODUCTION
Solid-liquid-vapor interaction phenomena have an important role in phase change heat transfer. In 2005, Sinha 1 carried out simulation of contact angle using argon and a virtual solid wall. He modeled the solid-liquid interaction by a ͑9,3͒ potential and assumed that the solid surface is semiinfinite, where R 0 is the lattice constant of a fcc͑111͒ solid surface, z is the distance from wall, and ⑀ sf and sf are Lennard-Jones parameters, respectively. In that study, it was found that the contact angle decreased with increasing temperature and no matter how the potential was changed, the trend was the same. Earlier in 2002, Maruyama et al. 2 also simulated the contact angle of argon liquid on a virtual solid wall. They calculated various contact angles by changing the parameter ⑀ in the potential between argon fluid and the virtual solid wall. They found that the contact angle decreased with an increase in interface potential and became 0°when the potential was set to a large enough value.
Results of limited molecular dynamics simulation studies have been reported in literature on the contact angle of water and a realistic solid wall. In 2003, Kimura and Maruyama 3 first simulated a water droplet on a platinum surface. They used two different potentials between water and platinum. By using Spohr-Heinzinger 4 potential, they found that the contact angle is always 0°, which suggests that this potential is not suitable to predict the contact angle. By using Zhu-Philpott 5 potential, they successfully calculated the contact angle variation with the orientation of the crystal structure of a platinum wall at a temperature of 350 K.
In this paper, the particle-particle particle-mesh ͑PPPM͒ method 6 is applied to minimize the error in long range terms in both the Coulombic and Lennard-Jones potentials. Higher accuracy simulation is performed to obtain the contact angle variation with temperature and wall potential.
II. SIMULATION MODEL
In the simulation, a liquid droplet is placed on a solid surface. The contact angle can be obtained directly from the density contour of the droplet after the system reaches equilibrium.
In carrying out the simulation of the contact angle of argon droplet on a virtual solid wall, the size of the simulaa͒ Electronic mail: vdhir@seas.ucla.edu. 3 . The solid wall is assumed to consist of four layers of atoms arranged as a fcc lattice with its ͗111͘ surface in contact with the fluid. The solid wall is taken to be that of platinum with a lattice constant of 2.776 Å and density of 21.45ϫ 10 3 kg/ m 3 . For the solid-solid interaction, the Lennard-Jones potential is applied with the length parameter ⑀ = ⑀ ss = 8.35ϫ 10 −20 J and = ss = 2.475 Å to model the platinum atomic vibrations in the lattice. The method of tethering the solid atoms to a fixed lattice site is not used.
The Lennard-Jones equation is also used for the solidliquid interaction. The potential parameters used are sf = 0.8 f f and ⑀ sf = 0.6⑀ f f , where f f = 3.4 Å and ⑀ f f = 1.65324 ϫ 10 −21 J for argon. To study the contact angle variation with the strength of wall potential, a relative parameter ⑀ r = ⑀ sf / ⑀ f f has been used.
Initially, 980 atoms are stacked in a simple cubic structure above the center plane. The initial velocities are assigned to the atoms randomly according to the system temperature. Periodic boundary conditions are applied along the x-and y-directions. In the z-direction, the mirror boundary condition is used, that means, if an atom reaches the boundary, the x , y velocities will remain the same while its z-direction velocity changes sign.
The Lennard-Jones potential is used for liquid-liquid interactions with ⑀ f = 120ϫ 1.3806ϫ 10 −16 erg/ atom and f = 3.4 Å. The PPPM method is used to minimize the long range error.
In order to simulate the contact angle of a water droplet on a platinum surface, the domain size is chosen to be 80 ϫ 80ϫ 80 nm 3 . Equivalent potential field is applied instead of the five layers of platinum atoms ͓fcc͑111͔͒ at the bottom of simulation domain. Initially, 13ϫ 13ϫ 10 water molecules were placed on the platinum surface. Periodic boundary conditions were specified at the four side surfaces and a mirror boundary at the top surface. In this simulation, the simple point charge/extended potential 7 and Z-P potential 5 were used for water-water and water-platinum interactions, respectively. The time step was 1 fs, which is considered to be small enough for the simulation.
At a desired temperature, Berendsen's thermostat was applied at every 5 time steps for the first 100 000 time steps. The next 100 000 time steps were used for relaxation to make sure the system reached equilibrium. After that, sampling was performed every 20 time steps for the next 100 000 time steps. To eliminate the momentum introduced by the computational error during the simulations, the center of mass of the system was adjusted in the x-y plane by moving the simulation box to the new center of mass of the system after every 500 time steps without altering the relative positions of the atoms.
In the simulation, density was sampled by dividing the simulation domain into 200ϫ 200ϫ 300 small cubes. Each cube length represents 0.2352 Å. To determine the contact angle, densities were postprocessed in two center planes: x-z plane and y-z plane. A contour line corresponding to the average of liquid and vapor densities was plotted, and it defined the boundary of the liquid droplet, as shown in Fig. 1 . The droplet boundary shows statistical fluctuations and has a curved interface. The contact angle was calculated by drawing a tangent line ͑A-B͒ near the contact line such that line A-B overlaps the contour in the 0 Յ z Յ 3 region. For each test case, the contact angle was measured in the x-z and y-z planes and was averaged.
III. RESULTS AND DISCUSSION

A. A Lennard-Jones droplet on a solid surface
Molecular dynamics simulations were carried out to study the contact angle of a droplet of Lennard-Jones fluid on a solid wall. The dependence of contact angle on the solid-liquid potential and the system temperature was determined both by direct simulation and by applying Young's equation at the nanolevel. In the simulation of argon, all the parameters are nondimensionalized using the Lennard-Jones parameters , ⑀, and mass of argon atom, m 0 .
Figures 2͑a͒-2͑c͒ show density contours of droplets obtained from direct simulation for different wall potentials and temperatures. It is seen from Figs. 2͑a͒ and 2͑b͒ that the contact angle decreases as temperature is increased. Similarly, it is seen from Figs. 2͑b͒ and 2͑c͒ that the contact angle decreases as ⑀ r is increased from 0.408 to 0.650.
More detailed results of the variation of contact angle with solid-liquid potential as obtained from direct simulation are presented in Fig. 3 . Here, the contact angles were evaluated in both x-z and y-z planes from the droplet contour. The difference between the contact angles determined in the two midplanes was less than Ϯ3°, and they were averaged to obtain the mean value. Similar calculation were also performed by Sinha. 1 However, he applied an equivalent potential model instead of the real solid wall. This behavior is also observed in experiments.
If one fixes the solid-fluid combination ͑⑀ r ͒, and gradually increases the temperature, the contact angle calculated from direct simulation decreases, as is shown in Fig. 4 . The contact angle decreases slowly in the temperature range 0.7-0.9. For T Ն 0.9, the contact angle decreases very rapidly and the solid becomes fully wetted at T = 1.0-1.1, which is lower than the critical temperature ͑T c = 1.26͒. The interfacial tension between liquid and vapor ␥ lv decreases with temperature, as shown by Shi.
8 From Young's equation
it can be inferred that ␥ lv approaches the difference between the solid-vapor interfacial tension ␥ sv and the solid-liquid interfacial tension ␥ sl , and a wetting condition is attained. The contact angle of the high energy surface ͑high ⑀ r ͒ has lower values at all temperatures and also approaches the wetting condition at lower temperatures.
In Fig. 5 , the density of argon shows fluctuations near the solid wall. These fluctuations decay with increasing z, and the density approaches a constant value corresponding to the bulk liquid density. It should be mentioned that the film thickness plays an important role in the calculation of density and surface tension. Sinha 1 suggested that the thickness for simulation layer must be larger than 2 nm, otherwise both density and surface tension values will differ from experimental values. It can also been seen from Fig. 5 that if the thickness is less than 2 nm, the fluctuation will still exist and there could be large errors in the calculated values.
Near the solid wall, the density distribution is as if the liquid is in a solid state. Small gaps can be seen between the "quasisolid" fluid atoms. The layer that touches the solid wall shows a very high density in comparison to the bulk argon fluid. Such high density regions result from the dense packing of molecules. Increased density can also lead to higher local thermal conductivity as shown by Shukla and Dhir. 
B. A water droplet on a platinum surface
Similar calculations were also performed for a water droplet and a slab. The PPPM method was applied to minimize the error in long range terms.
At first, Z-P potential is applied in the simulation. After 100 000 time steps ͑100 ps͒ at a temperature of 310 K, it is found that there is a monolayer of water all along the platinum surface. This is because the Z-P potential is sharp near the platinum surface, and so the water molecules are attracted to the surface. To minimize the affect of this monolayer, the contact angle is measured from the top surface of the monolayer. From the density contour of the droplet, the contact angle for water-platinum can be determined. Figure 6 shows the dependence of the water-platinum contact angle on the dimensionless system temperature T ‫ء‬ = T / T c ; T c is the critical temperature of water ͑647 K͒. In the figure the squares are the simulation results from this study and the circle is the result of Kimura and Maruyama 3 for one, temperature. From Fig. 6 it can be seen that the contact angle decreases with the increase in the system pressure and temperature. This variation can be expressed as
where A is a function of dimensionless temperature T ‫ء‬ . The variation of A is determined by fitting a second order polynomial as
If the temperature is high enough, the contact angle goes to zero and the water droplet degenerates to a water film.
To study the change in contact angle with the wall potential, a multiplier ␣ was used in the potential between the solid and the liquid. The corresponding results are shown in Fig. 7 . It again shows that the contact angle increases with a decrease in potential. As the solid potential is decreased, ␥ lv remains constant because the potential between liquid and vapor does not change. At low pressures ͑temperatures͒, change in ␥ sv with temperature is smaller than that in ␥ sl since the vapor density is much smaller than the liquid density.
In Fig. 7 , the variation of the contact angle of water with temperatures is plotted for several wall potentials. The solid symbols are results from direct simulation of droplet and the open symbols are from Young's equation by using the values of ␥ sl , ␥ sv , and ␥ lv determined from simulation of a liquid slab on a solid surface. It is seen that for different wall potentials and system temperatures, these two sets of results again match reasonable well.
In 1981, Sullivan 10 used the Van der Walls model to study the contact angle dependence on temperature. He concluded that the contact angle depends on T / T c and showed a trend similar to that found here. Lay and Dhir 11 carried out a theoretical study of the variation of the contact angle with the saturation pressure and temperature for water and found that it decreases rapidly at temperatures near critical. To verify the observed behavior for water platinum, the results for argon-virtual solid wall and the data of water-aluminum obtained by Berbardin et al. 12 are plotted in Fig. 8 . Here, the contact angles are nondimensionalized with 0 , which is its contact angle at the triple point ͑simulated value at 273.15 K͒. It is found that water platinum shows a dependence on temperature that is similar to argon-virtual solid wall and water aluminum. At low temperatures, the contact angle decreases slowly with temperature, while at high temperatures, the contact angle decreases rapidly to zero.
IV. CONCLUSIONS
In this work, molecular dynamics simulation was used to study the contact angle of Lennard-Jones liquid and water on solid surface. Using direct simulation of a liquid droplet on a solid surface, the contact angles are determined from the density contour of the droplet.
Variation of the contact angle with system temperature and the solid/fluid interaction energy was also studied. It is found that the contact angle decreases with increasing system temperature or solid-fluid potential. When the temperature or the solid-fluid potential is high enough, the contact angle decreases to zero. The calculated contact angles for water platinum, argon-virtual solid wall, and the experimental value of water-aluminum cases were compared and found to show similar trend.
